Effectiveness of empirical orthogonal function used in decorrelation of GRACE time-variable gravity field  by Zhao, Qian et al.
w.sciencedirect.com
g e o d e s y and g e o d yn am i c s 2 0 1 5 , v o l 6 n o 5 , 3 2 4e3 3 2Available online at wwScienceDirect
journal homepage: www.keaipubl ishing.com/en/ journals /geog;
ht tp: / /www.jgg09.com/jweb_ddcl_en/EN/volumn/home.shtmlEffectiveness of empirical orthogonal function used
in decorrelation of GRACE time-variable
gravity fieldZhao Qiana,*, Wu Yunlongb, Wu Weiweia,c
a Institute of Earthquake Science, China Earthquake Administration, Beijing 100036, China
b Key Laboratory of Earthquake Geodesy, Institute of Seismology, China Earthquake Administration, Wuhan
430071, China
c College of Surveying and Geo-Informatics Engineering, Tongji University, Shanghai 200092, Chinaa r t i c l e i n f o
Article history:
Received 13 February 2015
Accepted 25 April 2015
Available online 21 May 2015
Keywords:
Empirical orthogonal function
Gravity recovery and climate
experiment (GRACE) gravity field
Decorrelation
Terrestrial water storage
Global Land Data Assimilation
System (GLDAS)* Corresponding author.
E-mail address: qianzhao411@126.com (Z
Peer review under responsibility of Instit
Production and Hosting by Elsevi
http://dx.doi.org/10.1016/j.geog.2015.05.003
1674-9847/© 2015, Institute of Seismology, Chi
Communications Co., Ltd. This is an open accea b s t r a c t
Empirical orthogonal function (EOF) was used to process the spherical harmonic coefficient
(SHC) of 115 Gravity Recovery and Climate Experiment (GRACE) RL05 monthly gravity field
models from March 2003 to February 2013 released by CSR (Center for Space Research). We
analyzed the effectiveness of EOF in decorrelation of gravity field. Results show that only a
small Gaussian smoothing radius was needed by EOF to significantly weaken the north
esouth stripes compared with the empirical moving-window filtering algorithm. The
comparative experiments with a Global Land Data Assimilation System (GLDAS) hydro-
logical model also show that EOF did not much affect the real geophysical signals, and that
the removed signals were nearly uncorrelated with the real geophysical signals. As the
Gravity Recovery and Climate Experiment (GRACE) missions continue, EOF can be used to
significantly remove the correlated errors from monthly gravity fields and reserve rich
effective signals.
© 2015, Institute of Seismology, China Earthquake Administration, etc. Production and
hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
One key problem during GRACE data processing is that
errors will be gradually intensified along with the increasing
order of spherical harmonic coefficient (SHC). These errors arehao Q.).
ute of Seismology, China
er on behalf of KeAi
na Earthquake Administr
ss article under the CC BYnot purely random, but the odd-orders and even-orders are in
strong correlation, which is manifested as southenorth
stripes on the global gravity field graphs. These stripes can be
generally suppressed using variousmethods, such as isotropic
or anisotropic Gaussian filtering, Wiener filtering, and fan
filtering [1e8]. However, the selection of smoothing radiuswillEarthquake Administration.
ation, etc. Production and hosting by Elsevier B.V. on behalf of KeAi
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leakage in the boundaries of the study area, which compli-
cates the separation of signals from noise [9].
To eliminate the obvious stripes from GRACE gravity fields,
two types of decorrelation methods have been proposed: (1)
empirical algorithms that are independent of prior informa-
tion; and (2) algorithms based on SHC error-covariancematrix
and dependent on prior signal covariance [10,11]. The first
type is more widely used owing to the practicality and unbi-
asedness relative to mass variation models. Swenson and
Wahr proposed an empirical moving-window polynomial
fitting filtering algorithm [12]. Chambers and Chen et al.
followed the principle of this algorithm, but all odd- or even-
order SHCs at the same degree were used in polynomial
fitting, without using a moving-window [13,14]. Also based
on this clue (Swenson & Wahr [12]), Duan et al. proposed a
refined approach for choosing parameters of the
decorrelation filter, with the SHC standard deviations
provided by CSR, the small-error lower degree-order SHC
terms were unchanged, and the remaining part underwent
high-pass filtering by a moving-window, whose width
decreased along with the increasing SHC error [15]. Based on
the properties of moving-window, Zhan et al. improved the
moving-window decorrelation data processing algorithm by
using the reverse boundary extension technique [16].
Schrama et al. and Wouters et al. made use of Empirical
orthogonal function (EOF) to remove the correlated errors,
the difference is that EOF was used in the spatial domain or
directly to process SHCs [17,18]. Davis et al. proposed a
statistical approach, the constant term, linear term and
annual periodic term were used in SHC fitting, and then
determine whether the results contained the linear term or
the annual periodic term based on a statistical test [19].
These empirical decorrelation algorithms have been
effectively applied in GRACE monthly gravity fields. In
particular, the EOF-based algorithm for SHC decorrelationwas
based on the whole time-variable information of GRACE
monthly gravity fields, and thus is considered as capable of
reserving more effective signals [18]. However, the limitations
of this algorithm are that the low-quality monthly solutions
contained in the time series will reduce the precision of
other monthly solutions. As the GRACE missions continue,
the available data cover an increasingly longer duration and
more monthly solutions become reliable. In this study, EOF
was used to decorrelate the SHC of all 115 GRACE RL05
monthly gravity field models from March 2003 to February
2013 (5 months were missing: June 2003, January and June
2011, and January and June 2012) released by CSR. We
provided the detailed procedures and compared with a
GLDAS hydrological model [20], and also tested the
effectiveness of EOF in decorrelation of gravity fields.2. Data and realization of EOF
2.1. GRACE data
Along with the prolonged mission time of GRACE, the
gravity field models released by CSR are under continuous
updating and thus the results become more reliable. We usedthe RL05 data provided by CSR, including 115 monthly gravity
field models fromMarch 2003 to February 2013. Regarding the
requirement for continuous data groups in the later data
processing stages, the missing 5 monthly gravity fields were
interpolated to form a 120-month GRACE gravity field dataset.
Here, the gravity field coefficient C20 was replaced by the
satellite laser ranging results, so that the SHC of all GRACE
monthly gravity fields were truncated at degree and order 60.
These GRACE observations constitute a set of time- and space-
variable signals, which are a space-variable (geographic po-
sition) function in a given month, but are a time-variable
function at a given observation point.
2.2. EOF and KolmogoroveSmirnov test (KS2)
A signal zðt; xÞ : x ¼ 1; :::::; p; t ¼ 1; :::::;n is composed of n
groups of observed data and p variables. We assume this
signal is composed of r groups of sub-signals. Thus, the signal





where ajðtÞ is the time-variable part in the j-th sub-signal, and
ejðxÞ is the corresponding space-variable part, also called
eigenvector. Each sub-signal represents a part of whole
variation.
EOF was applied to the 120-month GRACE time series. Ac-
cording to Swenson and Wahr [12], we used a coefficient
ordering while keeping the number of times, m, constant.
Each series fCmðt; lÞ : l ¼ m; :::; lmax; t ¼ 1; :::;120g and
fSmðt; lÞ : l ¼ m; :::; lmax; t ¼ 1; :::; 120g at m ¼ 0; :::; lmax was
decomposed by EOF into component aj and the relevant
eigenvector ejðj ¼ 1; :::; rÞ.
To test whether an EOF-decomposed component should be
reserved as signal or removed as noise, we used KS2 test [21] to
identify the principal component ajðtÞ. First, the power
spectral density (PSD) of each component was detected
using Fourier transform; then the cumulative distribution
function (CDF) of PSD and the CDF of random normal
distribution spectra were compared. If the absolute
maximum value of difference between the two CDFs is
smaller than the threshold DKS2, we accept that the
hypothesis test aj is a process of white-noise random
sampling, and remove this component as noise. The value of
DKS2 is decided by the significance level (5% here).
Each EOF-decomposed component aj was examined using
KS2 test. If the hypothesis test was accepted, this component
was a noise signal and thus removed. The reserved EOF
components and their eigenvectors were used to reconstruct
Cmðt; lÞ and Smðt; lÞ series using equation (1).
With m ¼ 0 as example, the EOF components ajðtÞ and
corresponding eigenvectors ejðlÞ at j ¼ 1, 2, 3 and j ¼ 25, 26, 27
are showed in Fig. 1. The components at j ¼ 1, 2, 3 were
considered as signals and reserved in reconstruction of SHC
(Fig. 1a), and the components at j ¼ 25, 26, 27 were
considered as noise and removed (Fig. 1b).
Clearly, the first three principal components represent
annual, semiannual, and interannual signals; since the time
series was long enough, the second principal component also
Fig. 1 e EOF components and eigenvectors at Cm¼0. The x-axis “t” is the epoch of observation, and “l” is spherical harmonic
order; the y-axis was normalized.
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eigenvectors indicate that the SHC contains the majority of
energy in the low-order terms (about <20-order). The energy
from EOF components at j ¼ 25, 26, 27 was expanded in all
the orders and was likely to move to higher orders. Along
with the prolonging time, these components were
distributed more randomly and were detected as noise by
KS2 test. Thus, these components were not used in
reconstruction of filtered SHC at m ¼ 0.
The number of reserved EOF components is decided by m.
Fig. 2 shows the percentage of KS2-reserved GRACE
components accounting for the total components (blue
triangle) from m ¼ 0 to 60, and the percentage of theFig. 2 e The percentage of KS2-reserved components
accounting for all components (blue triangle) and the
percentage of their energy in the total energy (red dot).reserved energy accounting for the total energy (red dot).
Clearly, at m < 10, the reserved components contain nearly
all variable energy; or namely, after decorrelation, the
original variation of nearly all low-order SHCs was reserved.
These results were consistent with another study that the
correlation between odd and even coefficients appeared
since m ¼ 8 and lasted afterward [12].3. Simulation experiments
The 120-month-averaged SHC was deducted from the
monthly GRACE SHCs to form the residual SHCs, so as to
remove the static background value and highlight the time-
variable part. The residual coefficients were Gaussian-
smoothed and EOF-decorrelated, and the time-variable grav-
ity fields were transformed to equivalent water height.
Compared with the decorrelation algorithm proposed by
Swenson and Wahr [12], the GRACE monthly gravity field in
July 2009 was selected to illustrate the decorrelation effect
(Figs. 3e5).
Figs. 3e5 show the equivalent water height of monthly
gravity field at Gaussian smoothing radius of 0, 300 and
500 km respectively. Clearly, when Gaussian smoothing was
not used, the equivalent water height graph was nearly full of
southenorth strip errors, almost can not identify any
geophysical signal (Figs. 3a, 4a and 5a). Along with the
increased smoothing radius, large Basin started to appear, but
were still interfered with strips. At smoothing radius of
500 km, the interference from terrestrial strips was reduced,
but the intensity of effective signals was also largely
weakened.
After decorrelation, the strips were removed or weakened
from the global equivalent water height graph, whether
Gaussian smoothing was used or not. After decorrelation
Fig. 3 e The equivalent water height of GRACE monthly gravity field in July 2009 at Gaussian filtering radius of 0 km.
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polynomial fitting algorithm, the unfiltered high-order
coefficients led to obvious strips in the equator areas, while
EOF decorrelation significantly eliminated the strips in these
areas.
Along with the increased smoothing radius, both algo-
rithmswere very effective. At smoothing radius of 300 km, the
terrestrial water signals in Fig. 4b and d were both very clear.
However, the empirical algorithmwas not very effective in the
equator areas, while EOF left some noise in low- and middle-
latitude areas. The low efficiency of EOF was mainly
attributed to the relative data sparsity there. At smoothingradius of 500 km, Fig. 5b and d showed nearly the same
terrestrial hydrological properties, and the strips were
basically all removed. However, some effective geophysical
signals were also largely removed, and the detailed signal
information disappeared. During the computation, we
expect to use a small-radius Gaussian filter and an effective
decorrelation algorithm, so we can reduce the correlated
errors and reserve more effective signals. Clearly, EOF
decorrelation (Figs. 4b and 5b) reserved more details
compared with the empirical algorithm (Figs. 4d and 5d),
such as in India, southeast China, and Brazil where
terrestrial water changed largely. Thus, we think EOF is
Fig. 4 e The equivalent water height of GRACE monthly gravity field in July 2009 at Gaussian filtering radius of 300 km.
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signals.
To validate this view, we used a GLDAS hydrological model
to compare and test whether EOF will decorrelate and remove
the real geophysical signals. Though the GLDAS model is not
erroneous, it indeed excludes a north-south error structure. It
can be considered as a construction of real geophysical sig-
nals, and as the basis for testing decorrelation algorithms. The
120-month 1  1 grid data of GLDAS hydrological models
from March 2003 to February 2013 were used to transform to
gravity field coefficients, and then these coefficients weredecorrelated with EOF. Fig. 6 shows the reserved coefficient
components and the energy proportion after KS2 test.
Though at m < 40, some components were removed as
noise, the reserved components contained nearly all variable
energy. Or namely, after EOF decorrelation, the original
variation of nearly all SHCs was reserved.
More intuitive effects are showed in Figs. 7 and 8. The 120
GLDAS monthly coefficients were Gaussian-smoothed and
decorrelated as in the GRACE data, and the results were
expressed as equivalent water height. The original data-less
ocean areas after transformation did some changes, because
Fig. 5 e The equivalent water height of GRACE monthly gravity field in July 2009 at Gaussian filtering radius of 500 km.
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truncated at degree 60, thus generating some leakage errors.
Figs. 7b and 8b show that regardless the use of Gaussian
smoothing, the global distribution of equivalent water height
after EOF decorrelation did not change much. Except that
some small-scale features were weakened, the terrestrial
water signals were nearly not changed. Regarding the global
residue distribution, the amount of eliminated signals due to
decorrelation was small. Thus, we conclude that the signals
removed mistakenly as noise were nearly not correlated with
the real geophysical signals. These results from anotherperspective indicate that EOF can be effectively applied into
SHCs and well preserve the real geophysical signals.
In contrast, the empirical algorithm resulted in deforma-
tion in the real geophysical signals (Figs. 7d and 8d), because
the effective signals in the SHC were not completely inde-
pendent, and thus, this algorithmwould remove some signals
mistakenly. Swenson andWahr [12] generated a scaling factor
using empirical methods, and used to restore the signal
amplitude weakened by decorrelation. However, this scaling
factor was strongly artificial and not applicable to all
situations. Our results show that with polynomial fitting, the
Fig. 7 e The equivalent water height of GLDAS hydrological model in July 2009 at Gaussian filtering radius of 0 km.
Fig. 6 e The percentage of KS2-reserved components accounting for all components (blue triangle) and the percentage of
their energy accounting for the total energy (red dot).
Fig. 8 e The equivalent water height of GLDAS hydrological model in July 2009 at Gaussian filtering radius of 300 km.
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amplitude and the distortion of space distribution features.4. Conclusions
In this paper, EOF was directly applied into 10-year
monthly GRACE gravity fields. It effectively removed the
southenorth fringes, and utmost reserved the abundant in-
formation in the original SHC. Compared with the empirical
polynomial fitting algorithm, EOF did not largely interferewiththe real geophysical signals, or cause false signals. Thus, EOF
is an effective algorithm for removing the correlation errors
from GRACE monthly gravity field models.
Though the empirical moving-window polynomial fitting
algorithm largely weakened the correlation errors in the
GRACE gravity fields, it also caused deformation in the real
geophysical signals. Such deformation was manifested as the
variation of amplitude and the distortion of space distribution
features, and thus was very unrecoverable. In comparison,
EOF significantly removed or weakened strips and did not
cause much signal loss. Thus, after decorrelation by EOF, the
g e o d e s y and g e o d yn am i c s 2 0 1 5 , v o l 6 n o 5 , 3 2 4e3 3 2332signals mistakenly removed as noise were nearly not corre-
lated with the real geophysical signals.
The decorrelation of SHC by EOF was based on the whole
time-variable information in GRACE monthly gravity fields,
indicating that the low-quality monthly solutions along the
whole time range will reduce the precision of the monthly so-
lutions after processing. Thus, EOF is not applicable to the
monthly gravity fields with short time series or low precision.
As the GRACE missions continue, the available data cover an
increasingly longer duration and more monthly solutions
become reliable. The effects from low-qualitymonth solutions
will be weakened. Thus, EOF will be more favorable for decor-
relation, because it will significantly purify strips and reserve
effective signals even at small Gaussian smoothing radius.Acknowledgment
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